Vertical Axis Wind Turbines (VAWTs) are characterized by complex and unsteady flow patterns resulting in considerable challenges for both numerical simulations and measurements describing the phenomena involved. In this study, a 3D Actuator Line Model (ALM) is compared to a 2D and a 3D Vortex Model, and they are validated using the normal forces measurements on a blade of an operating 12 kW VAWT, which is located in an open site in the north of Uppsala, Sweden. First, the coefficient power (C P ) curve of the device has been simulated and compared against the experimental one. Then, a wide range of operational conditions for different tip speed ratios (TSRs), with λ = 1.84, 2.55, 3.06, 3.44, 4.09 and 4.57 were investigated. The results showed descent agreement with the experimental data for both models in terms of the trend and magnitudes. On one side, a slight improvement for representing the normal forces was achieved by the ALM, while the vortex code performs better in the simulation of the C P curve. Similarities and discrepancies between numerical and experimental results are discussed.
Introduction
A renewed interest in VAWTs has arisen from the current trend of wind energy industry aiming for large scale turbines in offshore farms [1] [2] [3] . VAWTs offer a potential reduction in the total energy production cost over the conventional Horizontal Axis Wind Turbines (HAWTs). In Reference [4] , Musgrove claimed that VAWTs can be made substantially larger than HAWTs. HAWTs have a limiting factor for upscaling, since gravity produces tension-compression cycles (fatigue) on the blades as the rotor rotates [5] , while VAWTs do not undergo this phenomenon and can be produced taking advantage of significant economies of scale [6] . Additionally, the omni-directionality of VAWTs allow them to operate with incoming wind from any direction, this also simplifies the mechanical design using a few moving parts without a yawing system and often excluding the pitching system. This is a relevant characteristic since a considerable part of failures on the HAWTs occurs in the yawing mechanism: Ribrant and Bertling [7] showed that for a typical HAWT in Sweden, the failure in the yawing systems represents the 13.3% of the total mean downtime per year. In Reference [8] , Tavner et al. claimed that the principal contributors to the higher failure rate on German wind turbines are electrical control or system sub-assemblies (i.e., yawing). Arabian-Hoseynabadi et al. [9] scored the yawing system with a risk priority number (RPN) of 813, ranking it on the seventh place among the other assemblies. Another considerable advantage of VAWTs is that the generator can be located at the sea level, improving the stability of the structure and additionally reducing the size and cost of the floating fundation. Therefore, concerns about dimension and weight of the generator are minimized, allowing the installation of heavy direct driven generators using permanent magnets [10] . When it comes to operation and maintenance costs on offshore environment, which are estimated to be comparable to the cost of the wind turbine itself, it is difficult and expensive to replace large components at sea when you have to work on a platform that can move. In the case of VAWTs, the machinery can be easily accessed. All these VAWTs potentials for scalability are being studied by both European and American research programs [1, 11] .
VAWTs are characterized by complex and unsteady three-dimensional fluid dynamics. VAWT blades are inherently exposed to cyclic variation in the angle of attack producing cyclic forces which are a potential source for damage due to fatigue. The blade's circulation around the rotation axis of the turbine produces a different wake compared to the produced by a HAWT. The near-wake structure is mainly characterized by the vortical structures released by the blade tips and the blade pitching motion. This creates recovery levels due to the vertical flow advection which is larger than the one produced by the turbulent fluctuations [12] . This effect does not happen for HAWTs, in which the wake is only generated by tip vortices. In a VAWT with fixed pitch, the angle of attack is oscillating and its amplitude is increasing with decreased tip speed ratio (TSR). At low TSR, the blades usually will experience dynamic stall, where the blade force coefficients are not only dependent of the angle of attack but also of its rate of change.
In order to understand and predict the loads on blades of operational VAWTs for their design, it is fundamental to have both experimental data and reliable numerical tools. Unfortunately, there is not a considerable amount of experimental results for forces on blades for VAWTs. During the 80's, Sandia National Laboratories carried out some experimental works on VAWTs of the Darrieus type (with curved blades) at open sites-in Reference [13] , field test data were gathered on numerous characteristics of VAWT operation using systems with 17, 5 and 2 meters of diameter, installed at the Sandia test site. In Reference [14] , measurements of surface pressures on a VAWT have been described using pressure transducers mounted at the equator of one blade of the rotor of radius 8.36 m, and which blades have a NACA0015 cross section with a chord of 0.612 m. Oler et al. [15] obtained the instantaneous pressure distributions on a single-bladed rotor operating in a tow tank. There have been additional reports of small VAWT operating at low Reynolds number on wind tunnels and water tanks [16] [17] [18] .
In the present work, as a main goal, measurements of the C P curve and aerodynamic normal forces on a 12 kW straight-blade vertical axis wind turbine have been used to validate and evaluate the accuracy of an ALM and a vortex model for simulating the device and to reproduce the forces acting on the blades. The tested turbine is operating at an open site in the north of Uppsala, Sweden [19] [20] [21] .
Theory
In the present study, an actuator line model (ALM) and two vortex models are validated using experimental results of the blade normal forces from a VAWT at an open site for different operating conditions. The focus is on the modeling part of the normal forces acting on the blades within one revolution.
The Actuator Line Model
The governing equations are solved using an Actuator Line Model (ALM) [22] [23] [24] [25] , which is based on the blade element theory coupled to a Navier-Stokes solver for the flow field description. First, the ALM samples the flow velocity which gives the angle of attack and relative velocity for each blade element. Then, a Dynamic Stall Model (DSM) determines the blade force coefficients, which the ALM imparts back into the flow solver as body forces. The Large Eddy Simulation (LES) approach is used to predict the turbulence effects. The library turbinesFoam developed by Bachant et al. [26] [27] [28] was used for the implementation of the (ALM). This model was previously validated in Mendoza, Bachant et al. [29] and Medoza and Goude [30] using experimental data of forces on a pitching airfoil within a wind tunnel and normal forces on one blade of an operating turbine at an open site, respectively.
The employed ALM is based on the 3D and unsteady aerodynamic model developed by Sørensen and Shen [31] , which is used to study the flow field around wind turbines. The ALM considers the blade as a line of n-elements, which act as 2D aerodynamic profiles. The acting forces are determined using a DSM usually based on empirical data. The implementation of the ALM requires values of the airfoil lift and drag coefficients for different angle of attacks and Reynolds numbers. The relative flow velocity V rel and the angle of attack α are calculated by the geometrical result between the blade rotational velocity −Ωr, with Ω as the angular velocity and r the turbine radius and the local incoming flow V in (which usually has a lower magnitude than the freestream velocity V ∞ ). Dynamic stall effects on the force curves were considered using the Leishman-Beddoes DSM [32] , including the modifications of Sheng et al. [33] and Dyachuk [34] . The coefficients are obtained using a linear interpolation from a table for a specific angle of attack, therefore by using them together with the blade element approach, the body acting forces can be determined. A diagram of the vectors of velocity and force acting on the cross-sectional airfoil element is depicted in Figure 1 . Once α and V rel are calculated, the lift and drag forces per spanwise length unit can be obtained as
with C L and C D representing the lift and drag coefficients, respectively, both are functions of α and the local Reynolds number. The lift component is orthogonal to V rel and the shaft, while the drag component has the same direction as V rel . The normal force F N , is the resultant of the aerodynamic force in the radial direction. The tangential force F T is commonly employed to express the turbine torque during one revolution. The same procedure is considered to obtain the forces on the turbine shaft and struts. Then, once all the forces in the actuator lines are calculated, they are added a source of body force per unit of density on the momentum conservation (Equation (6)).
In order to avoid numerical instabilities due to large gradients, the applied forces in the ALM are dispersed smoothly on several mesh cells. The source term forces must be projected around the element position employing a three-dimensional Gaussian kernel. The smoothing function η is employed, which is multiplied by the calculated local force on the actuator line element and imparted on a cell with a distance | d| from the quarter chord location of the actuator line element
The smoothing width parameter , is chosen by the maximum value of three different contributions related to a quarter of the chord length, the mesh size and the momentum thickness due to drag forces. It can be expressed as
where V cell represents the volume of the cell. The local inflow velocity vector, V in , is considered as an averaged of the velocity at a number axisymmetric points surrounding the quarter chord position at a defined radial distance. Then, two new factor are introduced to determine the sampling points vector: the number of sampling points and the radial distance between the sampling points location and the quarter chord position. A further study into this approach was carried out, revealing that a suitable combination for the sampling radius and samples number is 2 and 20, respectively.
The Large Eddy Simulation Framework
The Navier-Stokes equations used by the ALM for the involved flow field can be considered for the incompressible case as
withũ i andp represent the velocity and pressure grid-filtered values, respectively, ν is the kinematic viscosity, f i the acting body (blade) forces and τ ij corresponds to the sub-grid scale (SGS) stress defined as τ ij = u i u j −ũ iũj .
The Smagorinsky Model
The Smagorinsky model [35] is considered for parameterizing the SGS stress as
where
represents the resolved rate-of-strain tensor, ∆ is the grid size and C S as the Smagorinsky constant, which usually has the value 0.1 to 0.2. For the present study the used value for this constant is C S = 0.1667, since it is within the range for representing mixing layer flows [36] .
The Vortex Model
The vortex method solutions are based on a similar principle as the ALM, in that it calculates the velocity field, which is then used to obtain the relative flow velocity and the angle of attack which then can be used by a dynamic stall model to calculate the blade forces, which are then included into the flow field. The dynamic stall model used is the same as for the ALM. The two-dimensional vortex model is described in detail in Reference [37] and only a brief description is given here.
The vortex method is based on discretizing the vorticity field instead of the velocity field. The methods used here are free-vortex methods, which means that the vorticity elements are propagated with the flow velocity. The two-dimensional method uses point vortices and the three-dimensional model uses vortex filaments to describe the flow. A visualization of the filament lattice that is generated from one blade and its support arms in the 3D method is illustrated in Figure 2 , where each blade and each support arm will have its own lattice of vortex filaments describing its contribution to the flow field. The flow velocity is obtained by solving Biot-Savart's law at each time-step. The flow description in the vortex method consists of both the released vortices and a bound vortex that follows each blade. As the forces are calculated through the dynamic stall model, Kutta Joukowski's lift theorem
where Γ is the bound circulation. See Figure 1 for definition of the relative flow speed. It is assumed that the bound vortex is located at the quarter chord position and V in is sampled at this position to obtain V rel . Note that this will neglect the effect that the drag force has on the wake, which is considered acceptable as the lift force is much larger. The released vortex strength is calculated as the change in bound circulation around the blade, to conserve the total circulation. For the three-dimensional case, the tip vortex strength is automatically obtained when enforcing the divergence free characteristic of the vorticity field. A significant difference between the ALM implementation and the vortex method implementation is how the angle of attack is calculated. Instead of sampling the velocity at the quarter chord position, a potential flow solution is used. In the two-dimensional case, a linear panel method is used to model the surface of the blade. By solving the no-penetration boundary condition together with the Kutta condition, the circulation of the blade is obtained. The kutta condition is implemented by assuming that the flow behind the trailing edge (evaluated at the distance the blade travels for half a time-step) should be parallel to the blade center line. The dependence between the angle of attack and the circulation was obtained by testing the method for a single blade in steady flow at known angles of attack. This calibration was used to compensate for any static errors possibly introduced by this method of calculating the angle of attack. For the three-dimensional case, a similar procedure was used, but due to the significantly larger number of discretization elements required, the blades were modeled as flat surfaces using a vortex lattice. A validation test was performed in 2D with the linear panel method exchanged to a line of point vortices as the 2D equivalent of a vortex lattices, and the test showed very good agreement with the linear panel method, indicating that the vortex lattice is a valid approximation. The use of a vortex lattice to solve the no-penetration boundary condition of the flat surface will generate the tip vortices directly, and there is no need for any additional tip correction model with this approach (compared to the ALM). The panel method was only used to calculate the angle of attack. For the vortex convection step, the blades were approximated as individual bound vortices according to the lifting line theory. The reason for this is that due to the use of the dynamic stall model, the circulation obtained from Kutta Joukowski's lift theorem in Equation (8) is lower than the one obtained from solving the Kutta condition. Hence, it is not suitable to use the original panels for the vortex propagation step. This procedure is validated in Reference [38] .
In the two-dimensional model, 3D effects were artificially added by applying the correction from Prandlt's finite wing theory and the support arms were added by calculating the drag forces, while the lift generation on the support arms were neglected. See Reference [39] for details. In the three-dimensional model, the support arms were included as additional blade elements, and hence treated equally as the blades (which includes the lift generation on the support arms).
A step by step scheme of a time-step in the vortex method is as follows The vortex methods used 90 steps per turbine revolution. The three dimensional simulations were performed for 25 turbine revolutions each, while the computationally much cheaper two dimensional simulations were allowed to run 100 revolutions each. In 3D, the blades were modelled by 27 different spanwise segments, while 15 segments were added for each support arm.
Simulation Parameters: Validation Case
Experimental data from a 12 kW VAWT, which is shown in Figure 3 , was used for validation and evaluation of the reliability and performance of the applied models. The turbine has a diameter of 6.48 m and it is located in an open site in the North of Uppsala (Sweden). The experimental activity for the measurements and obtained forces is available in References [21, 22] , respectively. Forces on one blade and its struts have been measured using four load cells. Table 1 shows the relevant specifications of the mentioned turbine. The central shaft (tower) and arm struts are considered within the simulation. The details for the struts shape can be found in Reference [40] . The turbine is equipped with load cells used for the force measurements [21] . For the ALM, the presented turbine was operating such that the freestream velocity V ∞ at the equatorial blade plane (z ∞ = 5.75 m) is defined by using the log law for the different TSRs. Therefore, a logarithmic inlet profile with a non-slip boundary condition for the ground has been tested
where z 0 represents the roughness length and K = 0.40 is the von Kármán constant. For the present work, z 0 equals to 0.025 m which is a reasonable value for the place where the turbine is located. In the cases using the vortex model, a uniform flow was used. An important operational parameter for the turbine is the TSR λ, which is defined as the ratio of blade tip speed and the asymptotic freestream flow velocity
where Ω denotes the rotor angular speed and r the radius of the rotor.
Results and Discussion
In this section the calculated power coefficient curve of the turbine and the normal forces on the blade and struts are compared against experimental results, also, similarities and discrepancies between numerical and experimental data are discussed. The turbine power coefficient is defined as
with P representing the average power over one revolution, A the projected area of the rotor and ρ the air density. The ALM was tested using the lift and drag coefficients from the report of Sheldahl and Klimas [41] and also from the XFOIL program [42] in order to test the response from the model to different coefficient inputs and its influence on the results accuracy. These two tested versions of the ALM are further denoted as ALM-SK and ALM-XFOIL, respectively. The vortex method was only tested with the data from Sheldahl and Klimas.
Spatial Sensitivity of the ALM
A test of the sensitivity to the mesh variation has been carried out for the ALM. A reference mesh topology with a uniform hexahedral distribution of cells with a size of 2 m (in every component) was used for this purpose. A local refinement level from n = 1 up to 5 was applied in the region close to the rotor (the base cell is divided into 2 3n sub-cells) in order to capture the details of the resulting flow field and to check the response of the model to the spatial variation (further local refinements were not possible due to computational memory restrictions).
An illustration of a local refinement and the obtained power coefficient results for a TSR of λ = 4.02 using different local refinement levels is depicted in Figure 4 . Considering the last two levels of of refinement (n =4 and 5), bigger refinements will not produce a considerable fluctuation (or improvement) on the estimated C P . The level n = 4 has a good agreement with the expected experimental value and hence, it is considered as an acceptable value for the ALM mesh resolution and used in the remaining parts of the study. 
Power Coefficient Curve
The power coefficient curve of the tested turbine C P (λ) has been calculated as function of the TSR. This curve gives information about the aerodynamic properties of the turbine and also it allows to identify the optimal operating TSR. At the time of the experimental activity, which is described and documented in Reference [19] , a modified version of the VAWT mentioned above was used without having implemented yet the load cells, and then, the diameter of the turbine rotor was 6 m. Additionally, the blade pitch angle was equal to 0 • instead of 2 • .
The power curve was simulated using the different models and the results were compared against the experimental data for the different TSRs, as it is revealed in Figure 5 . The numerical power curves show descent agreement with the experimental one in terms of the trend and it allows is to identify, at least qualitatively, the region for an optimal TSR operation, which occurs around λ = 3.0 to λ = 3.7. There is an evident underestimation of the estimated power by the ALM-SK and, on the other hand, the 2D vortex model overestimated the available power for TSRs bigger than λ = 3. Table 2 reveals the standard deviation of the calculated power curves for the different employed models. The ALM-XFOIL and 3D vortex models had the best performance for both representing the experimental values and calculating the maximum C P value, which is approximately 0.3. All the models differed significantly with experiments for the larger TSRs. The lower performance was achieved by the ALM-SK and 2D vortex models, with a considerable difference for representing the maximum C P value (around 0.05). Note that the accuracy of the measurements is much lower at high TSRs. 
Normal Forces
Numerical and experimental results of normal forces on the blades and struts are compared for validating the presented models. These results, have been tested for a wide range of TSRs with λ = 1.84, 2.55, 3.06, 3.44, 4.09 and 4.57 and, therefore, considering from shallow to deep stall operating conditions. Every experimental data set is presented together with their maximum measurement error. The measured normal forces correspond to the averaged values of at least five turbine revolutions.
It has been calculated the standard deviation of the models for all the presented cases (with different TSRs), in Table 3 . This, together with the predicted normal forces over one revolution, allows to describe qualitatively and quantitatively the similarities and discrepancies between the calculated and experimental values of the acting normal forces on the blades. First, by analyzing the model response at low TSRs, depicted in Figures 6 and 7 , an overestimation of the force prediction can be noticed for the first half revolution (between 0 • and 90 • ). However, this overestimation is lower in the ALM-SK than the one produced by the ALM-XFOIL or the vortex models. Since the operating conditions for λ = 1.84 and 2.55 correspond to the deep dynamic stall regime, a correct estimation of the force coefficients by the DSM is fundamental for the accuracy of the results. The ALM trends to simulate the drop of force in the downwind region close to 270 • . In general, the shape of the force curves is well predicted by all the models, although the ALM shows an small improvement in the estimation of the force amplitude. For λ = 1.84, Table 3 reveals that the best performance is achieved by both ALM models. However, there is not a considerable difference among the performance of the models (since all the calculated standard deviation have similar value). In the case of λ = 2.55, all the models have similar prediction accuracy, besides the ALM-SK model and which has the lower value of standard deviation. Figure 8 shows the force response for a TSR of λ = 3.06. The trend of the simulated results is similar to the obtained ones for λ = 1.84 and 2.55, although there is an improvement in the prediction of the normal force peak in the upwind side. Regarding to the downwind side, the accuracy of the numerical results decrease in terms of the curve shape representation. All the models show good agreement with experiments. The differences between the 2D and 3D numerical results for the vortex method can be considered small. Table 3 reveals that the best performance is obtained by both ALM models. It has to be considered when the results are inaccurate at the upwind region, it affects (disturbs) directly the accuracy on the downwind results. This can be clearly noticed in Figure 9 , for the case with TSR λ = 3.44 (close to the optimal operational value), where all the models showed a satisfactory performance. Particularly for this case, the predicted values from the ALM-SK are reasonably close to the experimental ones, where the standard deviation is the smallest one for all the presented models and tested cases. None of the models are able to represent properly the force drop in the region around 270 • , which is also present in the cases for highest TSRs. 
General Discussion
A further study into the calculation of the angle of attack was carried out, showing that there is a small shift on the obtained values of around ∼ 2 • between the ALM-SK and the Vortex code. Although both models employ the same DSM and empirical data, the angle of attack calculation is one of the main differences between them, as the ALM samples the flow velocity at the blade position, while the vortex code calculates it from a potential flow solution. Therefore, the ALM, predicts larger angles of attack in the upwind section, causing the blades to go deeper into stall, giving lower power coefficient estimates. During the numerical work with, the ALM-SK model revealed that the overestimated drag force will only give a notable contribution to the C P and not the normal force, whose main contribution comes from the lift force. Improvements of the DSM for a proper prediction of the drag coefficient C D are required when is used together with the ALM.
For the lowest studied TSRs the 2D vortex model shows a considerable overestimation of the predicted normal force peak within the upwind side. The authors presume that this happens because the other presented models consider the three-dimensional effects which have a relevant contribution on the forces. In general, the flow should be easier to simulate for low TSRs due to the lower axial induction factor and errors there are likely due to the DSM. This is consistent with the results on Table 3 , where is shown that all the models have the best performance at the low TSR of λ = 1.84.
A better performance was achieved in all the cases at the upwind side for all the models, since during the second half of the revolutions the blades are operating within the wake and therefore, the accuracy of calculated forces at the downwind side is highly dependent on the proper description of the flow field inside the rotor.
It is expected to have a similar performance for the ALM-SK and the 3D vortex model in the upwind side, since they have implemented the same DSM and moreover they use the same drag and lift coefficient. However, differences in the results likely are due to the different ways of calculating the angle of attack α: as it was mentioned the ALM uses a geometrical relation between the local sampled inflow velocity and the blade rotational velocity, while the vortex method a potential flow solution is used.
For the experimental results at high TSRs, a pronounced force drop is present on the downwind side, which could be an effect produced from the atmospheric turbulence, hence, additional studies are needed since there is a lack on the agreement for describing this phenomenon. The relatively low computational cost has to be emphasized. If the presented work would be carried out using a three-dimensional full-body solved model, it will result in an unfeasible calculation time.
Conclusions
The presented models are able to reproduce the normal forces on a blade of an VAWT in an open site for a wide and diverse range of operational conditions, covering shallow to deep dynamic stall regime. In general, there is a descent agreement with experimental data in terms of the trend, magnitude and amplitude of the predicted forces. The models can be used to identify the region for the optimal TSR operation (larger obtained C P ) and maximum and minimum loads on blades within a revolution. For the simulation of the turbine power curve, there was a good qualitative representation of it for all the tested models. The ALM-XFOIL and 3D Vortex model showed better accuracy. An overestimation of the maximum available power is revealed by the 2D Vortex model, while the ALM-SK underestimates it. Improvements are required on the DSM for a proper drag coefficient estimation using the presented models. In all the studied cases for prediction of the normal forces, there was a better agreement with experiments in the upwind side compared to the downwind one. A decrease on the accuracy was present in cases with high TSRs, where there was a force drop on the second half revolution.
In general, The 2D vortex method performs as good as the 3D version of it for normal force predictions but the latter shows a considerable improvement in the reproduction of the power coefficients. Comparing the three-dimensional models (both ALMs and 3D vortex model), all of them have a good performance in all the tested cases but there was no common pattern to the disparities between the different modelling approaches. Differences can be found between them in the representation of the C P curve, peak and drop forces in the first and second half revolution, respectively (with exception of the ALM for the higher TSRs) revealing a relevant influence by the method to obtain the angle of attack and the force coefficients data input.
Considering the performance of the models for the studied cases through the numerical results obtained, the applied ALM and vortex code can be considered as potential tools for VAWTs simulations to study the load limits at relatively low computational cost showing accuracy and stability. However, there is room for improvement. These improvements should be focused on the external sub-models employed for an appropriate force prediction: this is a whole topic of study which needs to be further developed for assuring the accuracy of models. 
